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’ INTRODUCTION
Diatrizoate belongs to the iodinated X-ray contrast media
(ICM), a group of nonreactive diagnostics used for imaging of
soft tissues, internal organs and blood vessels.1 Because this
therapeutic class exhibits high biochemical stability and hydro-
philic properties, ICM are excreted mostly unchanged within
24 h.1,2 Consequently, signiﬁcant loadings of these compounds
are present in hospital wastewater, especially since ICM are
administered in high doses (up to 200 g per patient). Because of
their high polarity and persistence to biodegradation, their
removal in wastewater treatment plants (WWTPs) is incom-
plete. WWTPs thus act as a gateway for ICM to enter water
bodies, and diatrizoate has been regularly detected in municipal
WWTP eﬄuents (4.1 μg L!1 by Ternes and Hirsch 3), surface
water (0.5 μg L!1 by Seitz et al.,4 but up to 100 μg L!1 by Ternes
and Hirsch3) and even raw drinking water supplies (1.2 μg L!1
by Putschew et al.5). Up until now, not much is known about its
fate and long-term eﬀects and no toxic eﬀect or bioaccumulation
has been detected.6 Yet, according to the precautionary principle,
the environmental input of such persistent and mobile com-
pounds should be limited, especially because the presence of
ICM can lead to the formation of iodoacetic acid, which can exert
cytotoxic and genotoxic eﬀects.7 Yet, the high degree of substitu-
tion of the benzene ring makes the compound even resistant to
ozonation and other advanced oxidation techniques.8,9
New technologies using reductive catalysis were explored for
ICM removal. Knitt et al. reported for the ﬁrst time the rapid and
complete hydrodehalogenation of diatriozate by means of hydro-
gen gas in combination with a supported Pd catalyst.10 Also
biogenic Pd nanoparticles (bio-Pd) proved to be potent catalysts
for diatrizoate reduction:11 the stepwise deiodination of dia-
trizoate was recently demonstrated in a suspension with bio-Pd
produced by Shewanella oneidenis. When an electron donor is
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ABSTRACT: To decrease the load of pharmaceuticals to the environment,
decentralized wastewater treatment has been proposed for important point-
sources such as hospitals. In this study, a microbial electrolysis cell (MEC) was
used for the dehalogenation of the iodinated X-ray contrast medium diatrizoate.
The presence of biogenic palladium nanoparticles (bio-Pd) in the cathode
signiﬁcantly enhanced diatrizoate removal by direct electrochemical reduction
and by reductive catalysis using the H2 gas produced at the cathode of the MEC.
Complete deiodination of 3.3 μM (2 mg L!1) diatrizoate from a synthetic
medium was achieved after 24 h of recirculation at an applied voltage of!0.4 V.
An equimolar amount of the deiodinated metabolite 3,5-diacetamidobenzoate
(DAB) was detected. Higher cell voltages increased the dehalogenation rates,
resulting in a complete removal after 2 h at!0.8 V. At this cell voltage, the MEC
was also able to remove 85% of diatrizoate from hospital eﬄuent containing 0.5 μM
(292 μg L!1), after 24 h of recirculation. Complete removal was obtained when the eﬄuent was continuously fed at a volumetric
loading rate of 204mg diatrizoate m!3 total cathodic compartment (TCC) day!1 to theMECwith a hydraulic retention time of 8 h.
At!0.8 V, the MEC system could also eliminate 54% of diatrizoate from spiked urine during a 24 h recirculation experiment. The
ﬁnal product DAB was demonstrated to be removable by nitrifying biomass, which suggests that the combination of aMEC and bio-
Pd in its cathode oﬀers potential to dehalogenate pharmaceuticals, and to signiﬁcantly lower the environmental burden of hospital
waste streams.
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provided, these bacteria serve as a reductant and a scaﬀold,
reduce Pd(II) and deposit Pd(0) nanoparticles on their cell wall
and in their periplasmatic space.12,13 If an external hydrogen
donor is added to the biocatalyst as reactant, 90% removal of
diatrizoate fromWWTP eﬄuent (0.01 μM) could be achieved in
a continuously fed membrane bioreactor.14 Yet, a major chal-
lenge remaining is the eﬃcient supply of that hydrogen donor to
the catalyst. H2 was demonstrated to be the most eﬀective reac-
tant but external supply of the gas often implies large operational
costs and technical diﬃculties due to high safety risks.15
A promising conﬁguration for H2 production is the microbial
electrolysis cell (MEC). In a MEC, exoelectrogenic microorgan-
isms oxidize organic substrates and pass electrons to the
anode.16,17 These electrons travel through an external circuit to
the cathode, where they can be consumed for H2 formation.
18 To
encourage the electrons to migrate to the cathodic compartment,
a supplemental voltage is supplied to the electrical circuit. At pH
7, the equilibrium potentials for the oxidation of, for example,
acetate (1 M) at the anode and reduction of protons at the
cathode are !0.28 and-0.42 V (vs standard hydrogen electrode,
SHE), respectively. As a consequence, the minimum theoretical
voltage that has to be applied for H2 generation is 0.14 V,
18 which
is substantially lower than the voltage required for H2 production
by conventional water electrolysis (1.6!2.0 V).19
To decrease the environmental burden of pharmaceutical
point-sources such as hospitals, separate and decentralized treat-
ment is being considered.20 Yet, new tools are warranted in order
to deal with obsorbable organic halogens (AOX). In this study, a
combination of bio-Pd with H2-production in aMEC system was
examined for the catalytic reduction of diatrizoate. Batch recir-
culation experiments were conducted at diﬀerent cell voltages,
aiming for a fast and complete dehalogenation of the model
compound. Subsequently, the feasibility of such a MEC for
continuous removal of diatrizoate from hospital WWTP
eﬄuent was investigated. An assessment of the use of the
MEC for separate diatrizoate removal from spiked urine was
performed as well.
’MATERIALS AND METHODS
Synthetic Medium Preparation and Production of Bio-Pd
Coated Graphite. A synthetic electrolyte medium was prepared
for the MEC experiments containing 6 g Na2HPO4.2H2O L
!1,
3 g KH2PO4 L
!1, 0.1 g (NH4)2HPO4 L
!1, 0.1 g Ca3(PO4)2 L
!1
and 0.5 mL L!1 of a trace metal solution previously described by
Rabaey et al.21 The pH of the medium was 7.1 ( 0.1. For the
diatrizoate tests, 3.3 μM (2 mg L!1) was supplemented to the
synthetic medium using a 8.1 M stock solution (AppliChem,
Germany) in water. Bio-Pd was produced by S. oneidensis MR-1
in M9 medium (Pd/cell dry weight ratio of 1/1), as previously
described.12 A 500 mg bio-Pd L!1 suspension was mixed with
graphite and dried for five days at 105 !C to obtain finally 5 mg
Pd g!1 graphite.
Microbial Electrolysis Cell. The MEC was constructed with
two Plexiglas frames (12.5 " 8 " 1.5 cm per frame), which
resulted in a total anodic and cathodic compartment (TCC) of
0.150 L (see Supporting Information (SI) Figure SI1). Both
compartments were packed with 160 g of graphite granules (type
00514, ϕ: 1.5!5 mm, Mersen, France), and in each of them, a
graphite rod current collector (ϕ: 5 mm, Morgan, Belgium) was
provided to connect them with the external electrical circuitry.
Between the anodic and cathodic frames, a cation exchange
membrane was installed (Ultrex CMI7000, Membranes Interna-
tional Inc., New Jersey). A power source (PL-3003D, Protek,
New Jersey) was used to supply an external voltage between
anode and cathode, and the voltage difference was measured
between both compartments. The voltage drop over a 1Ω resis-
tor in circuitry was monitored to determine the current produc-
tion. The cathode potential was measured by monitoring the
voltage difference between the cathode and an Ag/AgCl refer-
ence electrode (assumed þ0.197 V vs SHE). All measure-
ments were registered by a 34970A Data Acquisition Switch unit
(Agilent, Belgium).
Start-Up of theMEC and Batch Recirculation Experiments.
The synthetic medium was sparged with N2, brought into 2 L
vessels, and separately recirculated through the anodic and
cathodic compartment at 17 mL min!1 (see SI Figure SI1).
Sodium acetate (2 g L!1) was added to the anode medium as
feed. The anode compartment was inoculated with 25 mL of
anodemedium from a previousMEC, running for 30months and
fed with 1 g L!1 acetate by recirculation.22 After the successful
start-up of the MEC, the anodic and cathodic medium were
replaced, 2 g L!1 sodium acetate was provided to the anodic
medium, and the cathodic medium was spiked with 3.3 μM
(2 mg L!1) diatrizoate. A batch recirculation experiments with
noncoated graphite granules was performed during 24 h at an
applied voltage of!0.8 V. Subsequently, the graphite granules in
the cathode were replaced by the bio-Pd coated graphite granules
(SI Figure SI2). BatchMEC runs were performed in open circuit,
and in closed circuit at various applied voltages: !0.4, !0.6,
and !0.8 V. Before every test run, the MEC was conditioned
overnight to the applied voltage. After each experiment, the
anode and cathode medium were replenished. Samples for
analysis of H2, Pd, I, diatrizoate and its metabolites were taken
at regular intervals.
Continuous Experiments. Synthetic medium with 3.3 μM
(2 mg L!1) diatrizoate was continuously pumped through the
net cathodic compartment (NCC) with a volume of 0.070 L.
During operation, the active volume was measured to be 0.035 L
due to gas accumulation. Continuous experiments were per-
formed during 48 h, at a hydraulic retention time (HRT) of 0.5, 2,
4, and 8 h in the cathodic compartment. In the anodic compart-
ment, synthetic medium with 2 g L!1 sodium acetate was
recirculated. The voltage applied to the MEC was !0.8 V.
Samples were regularly taken for analysis of diatrizoate and its
metabolites.
Tests with Hospital WWTP Effluent. The hospital WWTP is
a conventional activated sludge system, treating an average flow
rate of 250 m3 d!1. Samples of the influent and effluent of the
WWTP were collected at two different dates (Table 1). The
effluent sample with the highest diatrizoate load (December
eighth) was taken as a “worst case” model with environmentally
relevant concentration. The pH of the effluent was 7.2 ( 0.2.
More characteristics of this sample are given in the SI (S3, and
Table SI1). A similar batch experiment as described above was
performed to examine diatrizoate removal in this matrix. Bio-Pd
coated graphite was present in the cathode and the applied
voltage was !0.8 V. Similar continuous experiments were also
performed at a HRT of 4 and 8 h. Synthetic medium with 2 g L!1
sodium acetate was recirculated at the anodic compartment.
Samples were taken at regular intervals for analysis of diatrizoate
and 3,5-diacetamidobenzoate (DAB).
Spiked Urine Experiment. To examine degradation of dia-
trizoate in urine, a pure urine sample was spiked with 3.3 μM
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(2 mg L!1) diatrizoate. The urine contained 6.2 ( 0.6 mg
NO3
!-N L!1, 505.1( 3.8 mg SO42--S L!1 and 552.8( 5.1 mg
PO4
3--P L!1, and its pH was 6.9( 0.1. Two liters were provided
by recirculation (6.67 L L!1 TCC h!1) to the cathodic compart-
ment with bio-Pd coated graphite granules. A 24 h batch
recirculation experiment was performed at an applied voltage
of!0.8 V. Samples were taken at regular intervals for analysis of
diatrizoate.
Chromatographic Analysis of Diatrizoate and Its Metabo-
lites. For chromatographic analysis of diatrizoate and the com-
plete deiodinated compound DAB in synthetic medium, 2 mL
sampleswere filtered over a 0.22μmfilter (Millipore,Massachusetts)
in a glass HPLC vial and stored at 4 !C in the dark prior to
analysis. Both compounds were analyzed by reverse phase HPLC
as described in the SI (S4.1). For the detection of diatrizoate
and DAB at lower concentrations, ultrahigh performance
liquid chromatography coupled to tandem mass spectrometry
(U-HPLC-MS/MS) was used (S4.1). Influent and effluent
samples of the hospital WWTP were filtered and stored as
described above. For the detection of diatrizoate and DAB in
this matrix, U-HLC-MS/MS was performed (S4.2). The meta-
bolites Dia-HI2 andDia-H2I were monitored and identified using
multiple mass spectrometry (LC-MSn), according to Hennebel
et al.11
Chemical aAnalyses. Similarly to the work performed by
Zwiener et al., the total iodine content of the organic and
inorganic compounds (including free iodide) was measured, as
a tool to examine sorption of diatrizoate or its transformation
products.23 The total iodine content was determined bymeans of
inductive coupled plasma optical emission spectrometry (ICP-
OES) (Varian Vista MPX, Varian, California). The palladium
concentration was measured using a Shimadzu AA-6300 atomic
absorption spectroscope (AAS) (Japan). The H2 concentration
in the gas phase of the MEC was analyzed with a Compact GC
with a thermal conductivity detector (Global Analyzer Solutions,
The Netherlands), equipped with a PoraBOND Q precolumn
and aMolsieve 5A column (Varian). Conductivity was measured
using a Consort C833 multichannel analyzer with EC-electrode
(Consort, Belgium).
’RESULTS
Batch Recirculation Experiments with a MEC for the
Treatment of SyntheticMediumwith Diatrizoate.The results
of the batch recirculation experiments with the MEC to treat
synthetic medium with 3.3 μM diatrizoate are given in Figure 1.
First, graphite granules without bio-Pd were used in the cathode
compartment, which resulted in an 84.1 ( 3.5% removal after
24 h recirculation at an applied voltage of-0.8 V. Direct electro-
chemical reduction of diatrizoate was thus possible at a cathode
potential of!0.83 V vs SHE (Table 2), but the deiodination was
not complete since not more than 0.3 ( 0.1 μM of the fully
deiodinated metabolite DAB was detected in the medium
after 24 h.
Subsequently, bio-Pd was coated on graphite granules (5 mg
Pd g!1) meant for the cathodic compartment of a MEC. SEM
analyses showed that the dead S. oneidensis cells carrying biogenic
Pd particles were still intact, and that they were well attached to
the graphite surface (see Chapter S2 and Figure SI2 in the SI).
Application of a voltage of !0.4 V in closed circuit already
resulted in a 100% removal of diatrizoate after 24 h. At a cathode
potential of!0.43 V vs SHE (Table 2), hydrogen formation was
clearly visible as gas bubbles on the graphite granules of the
cathode, and the presence of H2 was conﬁrmed by GC analysis
(see SI Chapter S6 and Figure SI4). The deiodination of
diatrizoate was complete, and 3.3( 0.2μMof the transformation
product DAB was found after 24 h (Figure 2A). This inter-
mediate was shown to be biodegradable, as 4.2 μM DAB was
completely removed by nitrifying sludge after 24 h of incubation
(see biodegradability assay in SI Chapter S9). In addition, the total
iodine content of the organic and inorganic products in solution
remained stable (around 1.3 mg L!1), indicating that no sorption
of the compound and its iodinated metabolites took place.
Influence of the Applied Voltage and the Cathode Poten-
tial. The removal of diatrizoate was proportional to the applied
voltage and the cathode potential (Table 2). When applying a
voltage of!0.6 V and!0.8 V, the cathode potential was lowered
to!0.51 V and!0.92 V vs SHE, respectively (Table 2), resulting
in an increased diatrizoate removal rate (100% removal after 10
and 2 h, respectively). This was related to a larger production of
gas in the cathode (confirmed by GC analysis), which is in
accordance with the increasing current production that was
measured at lower cathode potentials (Table 2). In the batch
experiment at !0.8 V with bio-Pd coated graphite granules,
3.3 ( 0.1 μM of DAB was measured in the medium after 2 h,
demonstrating that lowering the cathode potential to !0.92 V
vs SHE (Table 2) resulted in a fast and complete deiodination
of diatrizoate. In open circuit, the diatrizoate removal was
Figure 1. Batch recirculation experiments for the treatment of synthetic
medium. Percentage of diatrizoate removal as a function of time using
theMECwith bio-Pd coated graphite granules in the cathode. TheMEC
runs were performed at diﬀerent applied voltages (!0.4 V,!0.6 V, and
!0.8 V) and in open circuit. A control experiment at an applied voltage
of !0.8 V using noncoated graphite granules in the cathode is included
as well. Error bars represent the standard deviation of triplicate
measurements (sometimes smaller than symbols).
Table 1. Concentrations of Diatrizoate Encountered in the
Inﬂuent and Eﬄuent Samples of the Hospital WWTP and the
Diatrizoate Removal Eﬃciencya
sampling
date
diatrizoate in
inﬂuent (μg L!1)
diatrizoate in
eﬄuent (μg L!1)
diatrizoate
removal (%)
November 18 403( 5 99( 3 75( 2
December 8 814( 28 292( 17 64( 4
a Samples were taken on two diﬀerent days, representing wet
(November 18th) and dry (December 8th) weather conditions.
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22.1 ( 1.1% after 24 h, and no DAB concentrations above the
LOD could be detected. It should be noted that the cathodic
potential in open circuit increased with 0.32 V in the first hour of
the experiment (from !0.07 to 0.25 V vs SHE). Subsequently,
the potential decreased again until an equilibrium of !0.08 (
0.03 V vs SHE was reached between 10 and 24 h.
Batch Recirculation Experiment to Treat Hospital WWTP
Effluent with aMEC.To examine the use of theMEC system for
diatrizoate removal in an environmental matrix, the effluent of a
WWTP that exclusively treats hospital wastewater was sampled
(Table 1). As a “worst case scenario”, the sample with the highest
diatrizoate load was used in the batch recirculation experiment.
Figure 2B shows that the diatrizoate removal amounted to
84.9 ( 7.6% after 24 h, when a voltage of !0.8 V was applied
(resulting in a cathode potential of!0.73 V, Table 2). Formation
of 0.09 ( 0.01 μM DAB was observed after 24 h, which means
that the mass balance with the complete deiodinated trans-
formation product was only closed for 29%. Yet, the total
iodine concentration in solution remained constant, suggest-
ing that there is no sorption of the compound and its iodinated
metabolites.
Continuous Treatment of Synthetic Medium and Hospital
WWTP Effluent. In order to test the ability of the MEC to
continuously remove diatrizoate, synthetic medium was dosed to
the cathodic compartment at different HRT (Figure 3A). Apply-
ing a cell voltage of !0.8 V, a HRT of 0.5 h was too short to
ensure complete removal of diatrizoate. Although an initial
removal of 95.1 ( 9.2% was observed, the removal efficiency
decreased to an average of 75.7( 2.9% between 24 and 48 h. In
contrast, a complete removal was obtained when a HRT of 2, 4,
or 8 h was applied. At aHRT of 2, 4, and 8 h, DAB concentrations
up to 1.2 ( 0.1, 0.7 ( 0.1, and 0.4 ( 0.1 μM were, respectively,
detected. This means that the mass balance with DAB was only
closed for 36, 22, and 13%, respectively. To further examine the
deiodination efficiency, a semiquantitative analysis of the meta-
bolites with one (Dia-HI2) or two (Dia-H2I) I atoms cleaved was
performed. These compounds could not be quantified due to a
lack of available reference standards but LC-MSn revealed that
Dia-HI2 and Dia-H2I were still present at a HRT of 0.5 and 2 h.
Yet, these products were not observed at a HRT of 4 and 8 h,
corresponding with volumetric loading rates of 2.8 g diatrizoate
m!3 TCC d!1 and 1.4 g diatrizoate m!3 TCC d!1, respectively.
As a consequence, the continuous experiments with hospital
WWTP eﬄuent were conducted at a HRT of 4 and 8 h as well.
Figure 3B shows that the removal eﬃciency was immediately
very high (95% and 96% after oneHRT, respectively). In the case
of a HRT of 4 h, however, traces of diatrizoate were still detected.
On the contrary, the removal was complete after 30 h of con-
tinuous operation at a HRT of 8 h, indicating that continuous
removal of diatrizoate from a hospital WWTP eﬄuent is possible
at a volumetric loading rate of 204 mg diatrizoate m!3 TCC d!1.
Application of aMEC for Diatrizoate Removal from Spiked
Urine. An interesting alternative to decrease the pharmaceutical
load in hospital wastewater is separate collection and further
treatment of the urine of patients, especially of those subjected to
ICM. To examine the feasibility of the MEC with bio-Pd coated
graphite to remove diatrizoate from urine, a batch experiment
was performedwith urine spikedwith 3.3μMdiatrizoate (Figure 4).
During recirculation at an applied voltage of !0.8 V, a gradual
removal of diatrizoate was observed until a maximum of 53.8 (
1.7% was reached (between 3 and 24 h). H2 formation was
detected in the cathodic compartment. Furthermore, the current
produced in this experiment was the highest of all experiments at
!0.8 V, which is probably related to the higher conductivity of
urine compared to synthetic medium and hospital WWTP
effluent (28.43 ( 0.08 mS cm!1 vs 8.40 ( 0.03 mS cm!1 and
2.30 ( 0.02 mS cm!1, respectively).
’DISCUSSION
Bio-Pd Enhances Diatrizoate Removal at the Cathode.The
presence of bio-Pd in the cathode compartment clearly enhanced
the dehalogenation of diatrizoate. At an applied voltage of !0.8 V,
comparison of the results obtained by theMECwith and without
bio-Pd, showed that the biocatalyst not only increased the
removal rate of diatrizoate. Also the extent of deiodination was
more complete when bio-Pd was present in the cathode com-
partment. The dehalogenation of diatrizoate may occur through
two possible reduction mechanisms (see Chapter S5 and Figure
SI3 in the SI), and bio-Pd can influence both of them: (i) direct
electrochemical reduction at the cathode, and (ii) reductive bio-
Pd catalysis using the hydrogen gas produced at the cathode.
The direct electrochemical reduction of the ICM iopromide at
the cathode of a MEC was recently described by Mu et al.24
Table 2. Overview of the Cell Voltage, The Cathodic Potential and the Current Production during the Diﬀerent MEC
Experiments
MEC experiment cell voltage (mV) cathodic potential (mV vs SHE) current production (A m!3 NCC)a
batch run synthetic medium at !0.4 V !452( 20 !432( 38 266( 184
batch run synthetic medium at !0.6 V !561( 6 !511( 39 352( 65
batch run synthetic medium at !0.8 V !828( 26 !918( 25 552( 13
batch run synthetic medium at !0.8 V without bio-Pd !815( 7 !826( 33 598( 94
batch run hospital WWTP eﬄuent at !0.8 V !821( 4 !732( 43 495( 57
batch run urine at !0.8 V !806( 8 !693( 46 699( 110
continuous run synthetic medium at !0.8 V HRT = 0.5 h !787( 5 !742( 12 442( 24
continuous run synthetic medium at !0.8 V HRT = 2 h !816( 1 !907( 7 440( 9
continuous run synthetic medium at !0.8 V HRT = 4 h !825( 1 !882( 7 451( 11
continuous run synthetic medium at !0.8 V HRT = 8 h !808( 3 !908( 9 590( 32
continuous run hospital WWTP eﬄuent at !0.8 V HRT = 4 h !823 ( 1 !897( 5 480( 17
continuous run hospital WWTP eﬄuent at !0.8 V HRT = 8 h !808 ( 4 !923( 2 588( 34
aNCC: net cathodic compartment.
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These authors showed dehalogenation of iopromide at a cathode
potential of !0.85 V vs SHE, while the removal at a cathode
potential of !0.5 V vs SHE was found to be negligible. Further-
more, it was demonstrated that iopromide could be completely
dehalogenated at a cathode potential of !0.8 V or lower, while
only one or two iodines were released when the cathode potential
was controlled at !0.6 V or !0.7 V vs SHE. In our study,
complete dehalogenation of diatrizoate was already possible at a
cathode potential of !0.43 V vs SHE when bio-Pd was present,
while the dehalogenation was incomplete at a cathode potential
of!0.81 V vs SHE without bio-Pd at the cathode. The lowering
of the cathode overpotential by Pd might partially explain this, as
recently reported for the Pd coating of carbon electrodes.25
On the other hand, hydrogen gas was produced at the cathode,
which can serve as hydrogen donor for the catalytic hydrodeha-
logenation of diatrizoate, as demonstrated in the batch experi-
ments with suspended bio-Pd (see SI Chapter S7). The presence
of bio-Pd at the cathode thus enhances diatrizoate removal by
reductive catalysis as well, and the Pd nanoparticles themselves
are known to facilitate hydrogen production by a MEC.25 As a
consequence, H2 production at an applied voltage of!0.4 V and
a cathode potential of !0.43 V vs SHE was suﬃcient to remove
diatrizoate completely in a 24 h batch experiment. Rozendal et al.
already reported on H2 production at an applied voltage of!0.5 V,
and expected to lower the required voltage to !(0.3!0.4) V by
optimization of the MEC design.18 Because of various electro-
chemical losses,17,26 the required voltage that needed to be
applied was higher than the theoretically!0.14 V. Nevertheless,
the applied voltages for biocatalyzed electrolysis were much
lower compared to direct electrolysis of water, which minimally
requires !1.6 V.27
From the above, it is clear that both the direct electrochemical
reduction and the bio-Pd catalysis are probably responsible for
the dehalogenation of diatrizoate. It is however diﬃcult to
Figure 2. (A) Removal of diatrizoate and formation of DAB as a function of time in the batch experiment treating synthetic medium at an applied
voltage of!0.4 V. “Total I” refers to the total iodine content of the organic and inorganic compounds and free iodine ions, expressed in mg L-1 (right
axis). (B) Batch experiments for the treatment of hospital WWTP eﬄuent, with the removal of diatrizoate and formation of DAB as a function of time in
case of an applied voltage of !0.8 V. Error bars represent the standard deviation of triplicate measurements (sometimes smaller than symbols).
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estimate to which extent each mechanism contributes to the
complete removal of diatrizoate. Future research is needed to
shed light on the importance of the catalytic properties of bio-Pd,
and emerging techniques such as Tafel plots might increase our
understanding on how bio-Pd catalysts aﬀect the overpotential at
the cathode.28 Yet, it was shown that the Coulombic eﬃciency of
the electrochemical reduction of iopromide was very low (<1%),
and that hydrogen production at the cathode was the dominant
reaction.24 By introducing bio-Pd, one can also beneﬁt from this
sustainable H2 formation, through reductive catalysis.
The Use of Bio-Pd for the Reductive Catalysis of Diatrizo-
ate. Pd catalysts are able to convert H2 to adsorbed atomic
hydrogen, which is a powerful reducing agent.29 Therefore, Pd
catalysts have been used before in the reductive treatment of
ICM,10,11 but pure hydrogen gas was externally supplied in these
studies, which seems less practical and unsafe for continuous
applications at large-scale. To overcome these challenges, we
used the MEC to produce H2 at the cathode and to provide it
gently to bio-Pd. This strategy was recently applied for TCE
dechlorination in batch experiments, where introduction of 5 mg
bio-Pd g!1 graphite also enhanced the dechlorination rate by
combining catalytic reduction with electrochemically formed
H2.
22 In the present work, application of higher cell voltages
resulted in higher diatrizoate removal rates, which is probably not
only related to the direct electrochemical reduction but also to
the elevated production of H2 and thus faster supply of new
reactant to the catalyst. In other MEC configurations, higher H2
production rates and higher current densities were also observed
when increasing the applied cell voltage.30 The rate of other cata-
lytic reductions using Pd catalysts was also increased at higher H2
levels, for example, the reduction of nitric oxide.31
Complete Hydrodeiodination of Diatriozate Catalyzed by
Bio-Pd.When applying a cell voltage of!0.4 V, the mass balance
with the fully dehalogenated transformation product DAB could
be closed after 24 h of recirculation. In their experiments with
diatrizoate, Knitt et al. were able to close the carbon mass balance
with DAB as well.10 They could confirm the sequential hydro-
deiodination reaction of the core 2,4,6-triiodinated ring structure
by LC-MS (with Dia-HI2 and Dia-H2I as intermediates). Sorp-
tion of diatrizoate to the graphite granules was negligible, which
Figure 3. ContinuousMEC experiments for the treatment of (A) synthetic medium at an applied voltage of!0.8 V. Diﬀerent hydraulic retention times
(HRT) in the cathodic compartment were used: 0.5 h, 2 h, 4 h, and 8 h. (B) Continuous treatment of hospital WWTP eﬄuent at an applied voltage of
!0.8 V. The provided HRT in the cathodic compartment were 4 and 8 h. Error bars represent the standard deviation of triplicate measurements
(sometimes smaller than symbols).
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is consistent with previous reports in which no sorption of
diatrizoate to sewage sludge, Pd catalysts or bio-Pd coated
graphite was observed.10,22,32 Consequently, the low removal
in open circuit was not related to sorption, but it is possible that
decharging of the cathode electrodes and the concurrent loss of
accumulated electrons caused further reduction of diatrizoate
and/or production of some hydrogen gas in the first hours of the
experiment. This would explain the sudden increase of the
cathode potential at the start-up. However, the reduction of
diatrizoate was not complete since no DAB formation was
detected. The fact that charge can—to some extent—still be
drawn from the cathode in open circuit was also reported for
denitrification.33
It is very interesting to note that in the batch recirculation
experiment at !0.8 V, further reduction of DAB was noticed.
After the mass balance was initially closed after 2 h of recircula-
tion, a gradual decrease of the DAB peak was observed during
chromatographic analyses. It is diﬃcult to propose a possible
reduction pathway but reductive amide cleavage (see Chapter S5
and Figure SI3 in the SI) might be a plausible route. Indeed, in
the case of electrochemical reduction of iomeprol, Zwiener et al.
also observed that a transformation product was formed from the
completely dehalogenated product by further cleavage of an
amide bond.23 It is our hypothesis that the further reduction of
DAB is also the reason why the recovered concentration of DAB
decreased with increasing HRT during the continuous experi-
ments in synthetic medium. Although Dia-HI2 and Dia-H2I were
not detected at a HRT of 4 and 8 h, the mass balance with DAB
could not be closed, which might be related to further reduction.
On the contrary, a HRT of 0.5 or 2 h seemed too short to ensure
complete dehalogenation because the intermediates Dia-HI2 and
Dia-H2I were still detected. Other studies indicated that the
reaction rates for each deiodination step decreased with increas-
ing rates of deiodination of ICM, probably because an increased
requirement of the steric orientation.23 Also for bio-Pd catalysis,
dehalogenation of Dia-H2I seemed to be themost diﬃcult step.
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Further research at elevated concentration is needed to elucidate
the degradation pathway during reductive catalysis (see also SI
Chapter S5).
Continuous Diatrizoate Removal from Hospital WWTP
Effluent. Compared to the experiments in synthetic medium,
the removal from hospital WWTP effluent was lower after 24 h of
recirculation in batch, and only a HRT of 8 h was sufficient to
ensure complete diatrizoate removal in the continuous test runs.
The mass balance with DAB could not be closed but it could
not be elucidated whether this was due to further reduction of
the metabolite or incomplete dehalogenation, since it was not
possible to quantify Dia-HI2 and Dia-H2I in the effluent matrix.
The lower removal rates are probably related to the lower
diatrizoate concentration, the constituents of the environmental
matrix and the presence of nontarget compounds. Although
other studies reported on the inhibitory effect of natural organic
matter (NOM) on reductive catalysis,10 bio-Pd catalyzed reduc-
tion of diatrizoate was not influenced by the presence of NOM.11
It is our hypothesis that the high iodine levels in the hospital
WWTP effluent (2.7 mg L!1) influenced the performance of the
catalyst. Knitt et al. have previously demonstrated that the inhi-
bitory effects of iodide increase with increasing concentrations
and suggested a competitionmechanism between diatrizoate and
iodide for the available catalytic sites.10 On the one hand, this
means that the presence of other iodinated micropollutants in
the wastewater influenced the reduction of diatrizoate, as it has
been shown that iodohydrocarbons show a high affinity to the Pd
surface.29 On the other hand, the functional group selectivity for
iodine substituents is high and deiodination by Pd seems more
favorable than dechlorination or debromination, which might
render reductive catalysis suitable for targeted treatment of all
ICM inwater.29 Therefore, we suggest to look at the behavior of a
mixture of ICM in further research.
Separate Treatment of ICM. The bio-Pd based MEC system
opens a new window of opportunities for separate treatment of
ICM point-sources by reductive catalysis, especially because of
the unsatisfactory removal by other proposed end-of-pipe mea-
sures (e.g., ozonation or activated carbon).8,34 Not only post-
treatment of effluents but also separate urine treatment is under
consideration,35 since 80% of ICM is excreted within 24 h.36
Separate urine collection could decrease the pharmaceutical load
by 60!70%.37 This study showed that urine treatment by the
MEC system is feasible, but further development is needed
because the removal efficiency was lower than in synthetic
medium or WWTP effluent. The reduction was possibly affected
by the presence of reducible compounds such as nitrate.38 Also
sulfate can influence the catalyst performance, since reductive
formation of sulfide is known to cause poisoning of the Pd
catalyst.39,40 To evaluate the lifetime of the catalyst in such
conditions, longer continuous MEC runs should be carried out.
We were able to demonstrate that the loss of iodine from
diatrizoate rendered the ﬁnal product DAB readily biodegrad-
able. While diatrizoate is not degradable by nitrifying biomass,
reductive catalysis by the MEC leads to a single product, which is
subjected to straightforward biodegradation (SI Chapter S9). In
order to implement MEC systems at full-scale, it is of vital
importance to minimize the power input needed to provide
suﬃcient H2 for a complete dehalogenation of ICM at a short
HRT. Together with the use of low cost graphite electrodes, this
should allow treatment at an operational cost of a few euro cents
per cubic meter. Provided optimal batch conditions, 4 mg of
diatrizoate was completely deiodinated in 2 h, at a cell voltage of
!0.83 V. A current of 552 A m!3 NCC was produced (Table 2),
meaning that an energy of 9.6 kWhmol!1 diatrizoate (15.6Wh g!1)
or 3.2 kWh mol!1 I (25.2 Wh g!1 I) was required. This is lower
than the 41 kWh mol!1 iopromide or 13.7 kWh mol!1 I, which
was previously reported by Mu et al. for a MEC operated at a
Figure 4. Batch recirculation experiments for the treatment of spiked
urine. Percentage of diatrizoate removal as a function of time using the
MEC at an applied voltage of!0.8 V. Error bars represent the standard
deviation of triplicate measurements (sometimes smaller than symbols).
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similar cathode potential of !0.8 V vs SHE, but without bio-
Pd.24 Assuming that all iodine measured in the hospital WWTP
eﬄuent (2.7 mg L!1) is associated with ICM, 68 Wh m!3 would
be needed to remove all ICM under optimal conditions, which
represents an electrical cost of h 0.005 m!3 (at h 0.08 kWh!1).
However, the continuous experiment with hospital WWTP
eﬄuent showed that an HRT of 8 h is needed to ensure complete
dehalogenation in this matrix. At a voltage of !0.81 V and a
current of 588 A m!3 NCC, this results in an energy consump-
tion of 7.6 kWh m!3 or h 0.61 m!3. To bridge this gap between
optimal and environmental conditions, further studies are needed to
decrease the power consumption and examine the long-term
performance of the MEC. There are several ways to optimize the
reactor performance, as discussed in SI Chapter S8.
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